Objectives-Biceps femoris long-head architectural assessment using ultrasonography (US) has not been previously described in detail for both acquisition (image capture) and digitization (image measurement) processes, and the effect of the US window width is unknown. This study aimed to describe the reliability and testretest minimum detectable difference of US-based biceps femoris architectural measurements.
A reliable assessment of muscle architecture is essential for scientific and clinical purposes, since it allows quantification of architectural alterations after acute and chronic exercise training, detraining, and other interventions and comparisons between different populations (eg, men versus women). Ultrasonography (US) has been used effectively for the assessment of the fascicle length, fascicle angle, and muscle thickness in vivo in humans.
Although the information required for muscle thickness and fascicle angle measurements is easily obtained in a single sonogram, it is usual to use extrapolation techniques, 3, 4 an image montage, 5, 6 or extended field-of-view 7 methods to measure the length of fascicles that project off the imaging window. Since such techniques may reduce measurement reliability because of the assumptions implicit to the techniques, it is unknown to what extent the assessment reliability is affected by the image width when using a linear extrapolation technique. Previous studies have demonstrated that the architecture of the structurally complex biceps femoris long head is closely related to its force production capacity, 8 functional performance, 9 and injury incidence (eg, strain), which is particularly common in this muscle. 10 Thus, assessment of the biceps femoris architecture is of both scientific and clinical importance. Although a systematic review indicated that studies assessing the biceps femoris architecture did not report reliability statistics for their measurements, 1 3 recent studies reported reliability for biceps femoris architectural measurements (moderate-to-high reliability; intraclass correlation coefficient [ICC] > 0.78). [10] [11] [12] However, a full exploration of measurement reliability and description of the procedures used to assess the biceps femoris architecture were not presented. For instance, it is not clear whether assessments were performed by different raters for both the image acquisition and digitizing processes. Since the number of raters may affect the reliability of the measurements, it is important to determine the extent to which biceps femoris muscle architectural assessment reliability is affected. 1 Also, measurements were performed at a mid distance between skin or bony landmarks, which do not ensure a parallel orientation of superficial and midmuscle aponeuroses. In addition, it is unknown to which extent assessment reliability is affected by the acquisition or digitizing processes in participants of different sexes, since women have more fat content within the muscle compared to men, which can affect image echogenicity and consequently affect the assessment reliability. Additionally, specific reliability rates for different biceps femoris architectural parameters have not been presented, and minimum detectable changes between test and retest measurements have not been determined.
Thus, it is not known whether US assessments of biceps femoris architectural parameters are sufficiently reliable when assessed by the same or different raters in both acquisition and digitizing processes; whether the width of the imaging window critically influences fascicle length measurement reliability; and what the minimal detectable difference is for different biceps femoris architectural measurements using US. The purpose of this study, therefore, was to develop a nonpanoramic static US method to assess the biceps femoris muscle length and thickness, fascicle length, and fascicle angle and to determine the intra-and inter-rater reliability of the technique in resting conditions in vivo using both 3-and 6-cm window widths. It should be noted that this technique differs from previous US techniques, as it is based on muscle-tendon junctions and aponeurosis orientation landmarks instead of bony/body landmarks.
Materials and Methods

Study Design and Participants
A test-retest study was designed to assess biceps femoris muscle length, muscle thickness, fascicle length, and fascicle angle reliability in the resting condition using US. Ten men and 10 women with no history of lower-limb injury or inflammatory conditions completed 2 sessions, and half of the participants (5 men and 5 women) completed 3 sessions ( Figure 1A ). An anthropometric assessment (ie, height, body mass, tibial length, and thigh length) was performed on all participants according the International Society for the Advancement of Kinanthropometry guidelines. Informed consent was obtained from all participants. The study was approved by the Ethics Council of the local university.
All images were captured with a 6-cm width across 3 sessions on the same day, separated by at least 20 minutes ( Figure 1A ). One trained rater collected the images in sessions 1 and 2, whereas the other trained rater collected images in session 3. Rater 1 digitized the images from sessions 1 and 3, and rater 2 digitized the images from all sessions. Since the US assessment was composed of 2 phases (ie, image acquisition and image digitizing), the data were analyzed to determine the intra-and inter-rater reliability of image acquisition and digitizing processes separately and both acquisition and digitizing processes combined ( Figure 1B) . The measurements of the biceps femoris muscle length were considered for acquisition reliability (session 1 versus 2 for intra-rater reliability and session 1 versus 3 for inter-rater reliability). Repeated digitization of measurements by a single rater and a comparison of digitized measures between raters were performed for intra-and inter-rater digitizing reliability rates, respectively. For combined acquisition and digitizing processes (ie, session reliability), data were analyzed with the rater completing both acquisition and digitization processes (intra-rater session reliability, session 1 versus 2), with images acquired by a single rater but digitization performed by a different rater (inter-rater session reliability, session 1 versus 2) and when both image acquisition and digitizing processes were performed by different raters (combined inter-rater session reliability, session 1 versus 3; Figure 1B ).
Procedures
Biceps Femoris Muscle Considerations
The US assessment technique used in this study was performed with consideration of biceps femoris muscle morphologic characteristics and architecture ( Figure 2 ). The biceps femoris long head is a biarticular muscle that crosses both knee and hip joints. Cadaveric studies have reported that the biceps femoris has a nonuniform muscle architecture, and it has a visible midmuscle aponeurosis. 5, 13, 14 In the resting (noncontracted) condition, fascicles are curved and oriented in 3 planes and are therefore difficult to visualize in their entirety in a single sonogram using a conventional linear US transducer. 13, 14 Moreover, previous studies reported that the biceps femoris longitudinal midmuscle aponeurosis extends from the proximal to the distal muscle-tendon junction, onto which superficial fascicles insert, and it is visible in sonograms ( Figure 2, C and D) . 13 However, this aponeurosis has a nonlinear path in the resting condition, even though the superficial biceps femoris aponeurosis follows a linear path for most of the length of the muscle belly. Moreover, the proximal and distal biceps femoris muscle-tendon junctions have different morphologic characteristics ( Figure 2B ). The distal biceps femoris muscle-tendon junction is superficial and close to the skin, and its most distal point is easily observed as it ends proximal to the biceps femoris short head. At the proximal site, the biceps femoris muscle-tendon junction is located deep and merges medially onto the semitendinosus tendon, which together insert onto the ischial tuberosity. Thus, the most proximal site of the proximal muscle-tendon junction is harder to locate than the distal muscle-tendon junction on US. 
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Biceps Femoris US Acquisition Before measurements, each rater performed more than 100 US trials to practice biceps femoris image acquisition. A US device (EUB-7500; Hitachi Medical Corporation, Chiyoda-ku, Tokyo, Japan) in the B-mode with a 6-cm 10-MHz linear transducer was used. The participants rested supine on a table for 5 minutes before initial scanning. 4 For distal muscle-tendon junction identification, the transducer was oriented transversely to the long axis of the muscle, and the scanning transducer was gradually moved distally. When the smallest muscle section was observed, the transducer was oriented longitudinally at the intersection of superficial and deep aponeuroses ( Figure 2B ), and a mark was drawn on the skin. The same procedure was used to identify the proximal muscle-tendon junction, but the transducer was moved proximally. Confirmation of skin marker placement was performed 3 times at each muscle-tendon junction. The distance between skin markers was measured with an anthropometric tape and accepted as the biceps femoris muscle length.
The specific region for examination was chosen by scanning the midmuscle region in both transverse and longitudinal planes until the image clearly capturing the superficial and midmuscle aponeuroses with a parallel orientation, at the highest superficial-to-midmuscle aponeuroses distance, and biceps femoris fascicles was mostly seen. This position was different from that used by previous studies. 6 The US transducer was placed according to the biceps femoris fascicles' orientations inserting onto the midmuscle aponeurosis. 1 A mark was drawn on the skin to represent the site of the region for examination, and the distance to the distal muscletendon junction mark was recorded. In the following sessions, the relative distance between muscle-tendon junction marks was used to reidentify this region so the transducer could be placed in the same location. After measurement, the marks were erased. In each session, 3 sequent images were taken. All images were numbered so the raters could not identify the participants or image session.
Biceps Femoris Architectural Digitization
Sonograms were processed with ImageJ version 1.47 software (National Institutes of Health, Bethesda, MD). The images captured (ie, 6-cm width) were first cropped to a 3-cm width. The architectural parameters were then measured for both image widths. The 3-cm image width was examined in this study because it represents the minimum likely transducer width for these assessments, and we could determine whether measurement reliability rates were influenced by the transducer width used. A trigonometric linear method was used to determine the fascicle length and fascicle angle. 7 The fascicle length (FL) was calculated using the equation
where L is the observable fascicle length from the midmuscle aponeurosis to the most visible end point; h is the distance between the superficial aponeurosis and the fascicle's visible distal end point; and b is the angle between the fascicle (drawn linearly to the most distal point) and the superficial aponeurosis. In each image, 3 distinct fascicles were tracked, and the mean value was calculated and used for statistical tests. Muscle thickness was measured as the mean distance between the superficial and midmuscle aponeuroses measured at 3 points on the image (proximal, middle, and distal). The architectural measurements were calculated as the average across the 3 images taken in each session.
Statistical Analyses
Intra-and inter-rater image acquisition reliability rates were determined by comparing the muscle length measurements (ie, distal-to-proximal muscle-tendon junction distance). Independent t tests were used to compare the anthropometric and muscle architectural parameters between men and women. Intra-rater session reliability was assessed for men (n 5 10) and women (n 5 10) from session 1 versus 2. Intra-and inter-rater image digitizing reliability rates were then determined for the full (6-cm) image window. The intra-rater digitizing reliability was assessed by using the coefficient of variation [(mean/SD) 3 100] after 3 single images were processed 10 times. Inter-rater digitizing reliability was assessed with ICCs and Pearson (r) correlation coefficients by comparing measurements between both raters, each digitizing the same ten 6-cm-wide images. Intraand inter-rater session reliability rates for the image acquisition and digitizing processes as well as for the whole protocol (combined inter-rater session reliability) were determined for both full-width (6-cm) and half-width (3-cm) image windows. Intra-rater reliability was determined by comparing the values between 2 sequential assessments (sessions 1 and 2; n 5 20) in which the same raters acquired and digitized the images, and inter-rater reliability (ie, sessions 1 and 3; n 5 10) was determined by comparing biceps femoris variables for which sonograms were acquired by different raters and digitized by the same raters. Combined inter-rater session reliability (ie, different raters for image acquisition and digitizing) was determined by comparing results between sessions 1 and 3 (n 5 10). Intraclass correlation coefficients with 95% confidence intervals (CIs; absolute agreement) and the root mean square error were calculated for intra-and inter-rater assessments by using the 6-cm width window.
The standard error of measurement (SEM d ) was calculated as the standard deviation of the difference scores (SD dif ) divided by ͱ(2) using the intra-rater data (n 5 20). 15, 16 The minimal detectable difference was calculated with a 95% CI as 1.96 3 ͱ(2) 3 SEM d . 15, 16 Note that this calculation reduced the minimum detectable difference to 1.96 3 SD dif . The minimum sample sizes for effect sizes corresponding to the minimum detectable difference values for a repeated-measures (paired t test) study design were estimated given a power (1 -b) of 0.8 and a level 0.05 based on the Cohen paired t test table. 17 Absolute root mean square errors and minimum detectable differences for all parameters were also normalized to the mean values. Intraclass correlation coefficients were classified as little (0.00-0.25), low (0.26-0.49), moderate (0.50-0.69), high (0.70-0.89), and very high (0.90-1.00). 18 Values are presented as mean 6 standard deviation. Statistical significance was set at P < .05.
Results
Demographic, anthropometric, and muscle architectural characteristics of the participants are presented in Table 1 . .90) reliability rates were found for muscle length measurements (ie, proximal-to-distal muscle-tendon junction). The transducer was placed at 55.8% 6 6.6% of the distal-to-proximal muscle length, with no significant differences observed between men (55.5% 6 6.0%) and women (56.0% 6 7.5%; P 5 .88). The coefficients of variation for digitizing the same sonograms were very small for the fascicle length (1.1%-1.6%), fascicle angle (1.1%-1.7%), and muscle thickness (0.2%-0.7%) for rater 1. For rater 2, coefficients of variation were also very small for the fascicle length (1.0%-1.6%), fascicle angle (1.2%-1.8%), and muscle thickness (0.3%-1.0%). The inter-rater digitizing reliability was high for the fasci- The mean 6 SD values and reliability statistics for biceps femoris architectural measurements are presented in Table 2 . The root mean square errors for intra-rater assessments were 9.4 6 6.0 mm (9.8% 6 6.3%), 1.
Combined inter-rater reliability results for both image acquisition and digitizing processes are presented in Table 3 . The minimum detectable difference, corresponding effect sizes, and estimated minimum sample size for biceps femoris architectural assessment are presented in Table 4 .
Discussion
The purpose of this study was to assess in vivo biceps femoris architecture using US and determine intra-and inter-rater measurement reliability in the resting condition. The main findings were as follows: (1) high reliability for biceps femoris architectural assessment was obtained by using US when image acquisition and Data are presented as mean 6 SD. The muscle architectural data presented were acquired and digitized by the same rater (ie, session 1). The biceps femoris was significantly (P 5.02) longer in men than women. No significant differences were found between sexes for fascicle length (P 5.16) or angle (P 5.38), but a significant difference was found for muscle thickness (P <.001). a Significant differences between men and women (P <.05).
digitizing were performed by the same rater; and (2) a 6-cm US window width provided similar reliability as a 3-cm window width but with different outcome values (ie, validity may have been compromised).
To our knowledge, a detailed report of a reliability of assessment of the biceps femoris muscle architecture has not been presented previously.
5,6,10-13 Chleboun et al 5 reported high inter-rater reliability (ICC 5 0.87), whereas Kellis et al 13, 14 compared and characterized cadaveric versus US measurements to provide method validation. More recently, Timmins et al 10 reported very high measurement reliability (ICC > 0.97) but did not clearly outline the digitizing procedures. In addition, e Lima et al 11 reported ICC values ranging from 0.78 to 0.99 without specifying the precise variables to which the statistics related, although fascicle length reliability had an ICC of 0.78 (it was not clear whether this value was for the whole procedure or the digitizing procedure only). Also, it was not mentioned whether the measurements were made with respect to the midmuscle aponeurosis or the muscle's deep aponeurosis. Tosovic et al 12 reported an ICC of 0.82 for fascicle length measurement but mentioned that the determination was performed from superficial to deep aponeuroses instead of the midmuscle aponeurosis. In this study, we assessed the midmuscle aponeurosis because it was more (ie, clearly) visible compared to the deep aponeurosis. Thus, despite the functional importance of the biceps femoris, its differences between populations (eg, male versus female), and its architectural measurement in numerous studies, a clear methodological explanation and reliability estimation have not been presented.
In this study, the reliability rates of all architectural variables varied between intra-rater (ICC 5 0.79 and 0.95) and inter-rater (ICC 5 0.56 and 0.92) comparisons for analyses using the full-image window width. The root mean square errors for different variables varied between 5.0% 6 5.2% and 14.8% 6 8.7% for intrarater session assessments and between 5.1% 6 6.0% and 25.6% 6 18.1% for inter-rater session assessments. Such values are in accordance with previous studies using US on other muscles, 1 suggesting that errors from measurements do not depend on the muscles studied as much as other factors (eg, rater assessment procedures). Fascicle length, fascicle angle, and muscle thickness measurement reliability rates were similar to those reported previously. 5, 6, [10] [11] [12] [13] [14] In this study, values of 9.6 6 18.0 cm, 12.4 8 6 2.8 8, and 2.0 6 0.4 cm were obtained in the full-image width for the fascicle length, fascicle angle, and muscle thickness, respectively, whereas in previous studies, values of 5.9 6 0.3 to 8.8 6 1.8 cm, 14.9 8 6 3.3 8 to 23.9 6 3.8 8, and 1.3 6 0.2 to 2.7 6 0.3 cm were reported. Thus, there appears to be considerable variability in results reported by different researchers, which can most probably be explained by the use of different US, image digitization, and parameter calculation methods. To allow a better comparison between studies in the future, it would be ideal to develop a single method that could be used commonly by all researchers. This variability might also be related to how the biceps femoris muscle length was determined and where the transducer was placed. For instance, we placed the transducer where the aponeuroses were parallel, which did not correspond to the mid distance of the biceps femoris length. However, because previous studies did not report the percentage of muscle length at which the transducer was placed, it was not possible to perform comparisons. Regardless, the reliability data presented herein indicate that consistent biceps femoris architectural measurements can be obtained when the same raters acquire and digitize the images using a 6-cm image width. As suggested by previous authors, US can be used for a general biceps femoris long head architectural assessment 1 ; however, this method may not have sufficient sensitivity to detect small changes in the muscle architecture in response to acute (ie, within-day) and chronic (ie, between-day) interventions. Minimum detectable difference values were calculated, suggesting that studies examining adaptations to physical training must have a difference of at least 8.4 mm (8.7%; effect size, 1.01), 1.5 8 (11.4%; effect size, 0.97), and 1.6 mm (6.6%; effect size, 1.44) for the fascicle length, fascicle angle, and muscle thickness, respectively, before the conclusion can be made that a change was observed (note: similar minimum detectable differences were calculated for the 3-cm width). Further development of US (or other) methods in the future may reduce the minimum detectable difference. However, according to our results, future studies should use least 13, 13, and 7 participants for the fascicle length, fascicle angle, and muscle thickness variables, respectively, when using the present US procedures in a within-subject (repeated measurements, t test) study design. More participants will likely be required in studies aiming to detect very small betweensubject differences or within-subject changes, particularly when multiple experimental (ie, noncontrol) groups are compared. Presently, there is no clear consensus as to the magnitude of an architectural change required to elicit a functional change, so it is also not clear whether the minimum detectable differences presented herein were larger or smaller than the smallest worthwhile change or difference.
Among the different US approaches used to assess muscle architecture, the panoramic extended field-ofview method has been proposed as a recent, valid, and reliable tool for assessing muscle fascicles that cannot be totally viewed from their insertions in the aponeurosis. 7 However, this technique is not available to many researchers, and the complex architecture of the biceps femoris does not lend itself to extended field-of-view imaging; in particular, the rotation of fibers through the muscle and the curved surface of the thigh increase the difficulty in following the fascicular paths during the scan. Since acquisition of still images is currently the only examination method used by many research groups, we decided to use the single still-image acquisition technique (with extrapolation for the estimation of fascicle length) in this study. Nevertheless, the extended field-of-view approach may give more valid outcomes, and still versus extended field-of-view image acquisitions should be compared in a future study to determine the extent that still image acquisition underestimates the fascicle length, as well the validity of US for examining the biceps femoris architecture.
Still, several difficulties and limitations should be considered with respect to the current method. First, the proximal biceps femoris muscle-tendon junction was harder to locate than the distal muscle-tendon junction because that muscle-tendon junction is deeper and consequently less visible, and the proximal muscle-tendon junction has a nonuniform shape. According to Woodley and Mercer, 19 the proximal biceps femoris tendon inserts onto the lateral aspect of the ischial tuberosity (one-fourth of the tuberosity surface) and the semitendinosus tendon onto the medial side (three-fourths of the tuberosity surface). In addition, the biceps femoris runs parallel along the semitendinosus until both tendons merge near the ischial tuberosity. Consequently, given the complexity of the proximal muscle-tendon junction shape, it becomes difficult to the assess biceps femoris with US. This finding is in agreement with previous studies in which the investigators were unable to obtain clear and consistent sonograms. 13, 14 However, we still found high reliability for muscle length measurements in both intra-rater (ICC 5 0.93 [0.82-0.97]; r 5 0.92) and inter-rater (ICC 5 0.90 [0.67-0.98]; r 5 0.90) assessments in both male and female participants, suggesting that the use of the methods presented in this study should allow for reliable estimates of muscle length and thus for accurate re-placement of the transducer between testing sessions. The transducer was placed at a 55.8% 6 6.6% distance of the distal-to-proximal muscle length with the transducer located where the fascicles and aponeurosis were most clearly visible, and this placement The minimum sample size estimates were performed by considering a repeated-measures (paired t test) study design.
was different from previous studies in which the transducer was placed in accordance with bony or body landmarks. It should be noted that the technique based on bony landmarks does not ensure that both biceps femoris superficial and mid aponeuroses are close to a parallel orientation, which is important for improvement of the reliability of assessment. Indeed, since the biceps femoris has a nonuniform architecture, 14 the proposed biceps femoris architectural assessment method may not be appropriate for representing the overall biceps femoris muscle architecture. In addition, we recognize that this technique implies that the muscle-tendon junction position does not change over time (eg, after physical training), although a similar assumption is made when bony landmarks are used to determine transducer placement. Consequently, future studies may examine the reliability of US assessments at different biceps femoris locations (including a comparison of the site used in this current study to that in previous studies and whether the image location using the mid distance between femur bony landmarks is closer to the biceps femoris site where superficial and mid aponeuroses are parallel.
Another issue relates to the transducer orientation with respect to the fascicular and aponeurotic paths. In theory, sonograms should capture twin aponeuroses (ie, the deep aponeurosis of the imaged muscle plus the aponeurosis of the muscle deep to it) as well as consistent and long white echoes delineating the interspaces between fascicles (ie, perimysia with adipose tissue and blood vessels) when assessing the fascicle length. However, this appearance is difficult to observe in the long head of the biceps femoris because the fascicles are long and curved and project in 3 planes in the resting condition (ie, noncontracted muscle). Thus, a decision has to be made as to whether to give a higher priority to transducer orientation with respect to the fascicles or to their insertion onto the midmuscle aponeurosis. Orientation according the aponeurosis may optimize the measurement of muscle thickness; however, the fascicles will be less visible, which may decrease the accuracy, reliability, and validity of measurements. When the transducer is orientated in accordance with the fascicles, their visualization is clearer, but their insertion onto the aponeurosis, and thus measurement of the fascicle angle, may be negatively affected. In this study, the criterion chosen was to clearly visualize the fascicle insertion onto the midmuscle aponeurosis and thus allow a better fascicular imaging.
We compared 3-and 6-cm image widths and did not find a notable difference for the intra-and inter-rater reliability rates when the same raters performed the image digitizing (Table 2) . However, when both image acquisition and digitizing were performed by different raters, a clear decrease in reliability was noted in the 3-cm images (Table 3 ). In addition, the measured fascicle length was clearly greater in the 3-cm images when different raters acquired (ie, inter-rater reliability; Table 2 ) or digitized (Table 3 ) the images. This finding suggests that an overestimation of the fascicle length may occur when smaller image width is used (ie, 3 cm), assuming that measurements using the 6-cm image width are more likely to be accurate. Consequently, an argument could be made that a small transducer may be suitable for use in repeated-measures study designs if image acquisition and digitizing are performed by the same rater but not if different raters are used. Nonetheless, this argument neglects the probable negative consequences for measurement validity and accuracy.
In this study, sex comparisons were performed for the different outcomes. Men showed a greater muscle thickness and length compared to women, but there were no differences in the fascicle length and fascicle angle. The sex difference for the muscle length is related to the height of participants, since a relationship was found between the variables (r 5 0.71). With respect to the fascicle length and angle, we expected to observe differences, and such differences may have been observed if a much larger sample size had been used. The biceps femoris US assessment reliability was also compared between sexes, since we were expecting that the reliability could have been affected by the greater adipose content within the muscle in the female participants. We observed that the reliability was similar for muscle and fascicle lengths between sexes but higher in men for the fascicle angle and muscle thickness assessment. We assume that this finding was related to the higher fat content within the muscle, which makes the image more hypoechoic and makes it difficult to identify the fascicle orientation and the interface of the muscle to the aponeurosis.
In conclusion, the results of this study indicate that single still-image US can be used for reliable assessment of the biceps femoris architecture when procedures such as those described here are used. However, the best reliability was achieved when the same rater performed the 6-cm image acquisition and digitizing processes. With the use of this method, the test-retest minimum detectable differences were 8.4 mm, 1.5 8, and 1.6 mm for the fascicle length, fascicle angle, and muscle thickness, respectively, for the 6-cm transducer and similar for the 3-cm transducer. Therefore, the method may not be sufficient to detect very small changes in the muscle architecture, and further research is required to determine whether the detectable differences are smaller than those required for a functional change. It should be noted that measurement validity (eg, by comparison with extended field-of-view or magnetic resonance imaging measurements) needs to be determined before strong conclusions can be made from data obtained with this technique.
